Globally, more than three billion people live in semi-arid and savanna-type (SAST) ecosystems, defined here as the Koppen-Geiger classes As, Aw, BSh, Cwa, and Cwb (Fig. 1A, Rubel and Kottek 2010), and intersected with population estimates for 2015 (CIESIN 2005). Recent work has also shown that semi-arid ecosystems have a disproportionately large impact on intra-annual variability in the global climate system (Ahlström et al. 2015) . This impact is largely due to the timing and magnitude of seasonal changes in vegetation in SAST ecosystems ('phenology'), which can have impacts on the atmosphere and on heterotrophs and detritivores. While phenology can refer to the timing of myriad biological processes, here we use the term to specifically refer to seasonal changes in leaves or greenness. In addition to the direct impact of phenology on atmospheric [ Seasonal variations in vegetation have direct and indirect impacts on biogeochemical cycling, net primary productivity, and the global climate. While leaf phenology in many high latitude ecosystems can be predicted based on a four-season cycle, semi-arid and savanna-type (SAST) ecosystems are thought to be much less consistent and interannual variability can be quite large. While leaf phenology in SAST ecosystems is often attributed to soil moisture availability, different plants appear to respond to different signals, and predicting drought deciduous phenology, especially at large scales, as in land surface models (LSMs), continues to be a challenge. Here we undertook a meta-analysis of published research on leaf phenology in SAST ecosystems to assess whether any consistent patterns would be revealed across the SAST regions of the world. After reviewing 188 papers and correlating green-up and brown-down dates with a number of possible drivers, including latitude, temperature, precipitation, continent, and plant functional type (PFT), we found that latitude, then continent and PFT, were the best predictors of phenological timing. This result suggests that solar radiation may be an important driver of phenology even in the low latitudes, and that biogeographic differences among continents and PFTs may be critical to improving our predictions of SAST phenology. All global LSMs lump plant species into functional groups, and these groups typically span continents despite known physiological differences between species on different continents. Our review suggests that more research is needed into SAST phenology at both field and remotely sensed scales, but that LSM predictions could be improved by simply developing continent-and latitude-specific model parameterizations. With a large fraction of the world's human population living in and relying on services from SAST ecosystems, it is critical that we focus more attention on these understudied systems and improve their representations in global models.
and the hydrosphere (Bonan 2008 , Richardson et al. 2012 ). As such, accurately predicting leaf phenology in dry systems is an important part of land surface and Earth system modeling (Lawrence et al. 2012) . These ecosystems also make up much of the land cover in the most food-insecure parts of the world, including Sub-Saharan Africa, India, and southeast Asia (FAO et al. 2014) , meaning, improving our understanding of ecosystem processes in SAST ecosystems is critical not just for ecology, but for human well-being (Hsiang et al. 2013) .
SAST ecosystems can support a wide variety of different plant functional types (PFTs), including evergreen woody plants, deciduous and partially deciduous woody plants, annual and perennial forbs, and C3 and C4 grasses. Many of these PFTs, including grasses and woody plants, follow a seasonal cycle thought to be related to water availability, and are termed 'drought deciduous', though the extent and mechanisms behind drought deciduousness in the tropics are a topic of debate (Wu et al. 2016) . Most land surface models (LSMs) use a simple representation of drought deciduousness whereby plants grow and drop leaves as a function of day length, temperature, and/or moisture, with no variation within drought deciduous PFTs or across continents. In the Community Land Model (CLM; Lawrence et al. 2011) , for example, plants classified as drought deciduous (broadleaf deciduous tropical trees, broadleaf deciduous temperate shrubs, non-arctic C3 and C4 grasses) follow a day length and growing degree day algorithm, but if neither of these constraints is present (days are always long and temperatures are always warm) then a soil moisture threshold dictates when plants will begin growing or dropping leaves (Oleson et al. 2013) . Recent work has suggested that the performance of this algorithm could be improved with an additional rainfall parameter (Dahlin et al. 2015) , but deeper issues lay in the uncertainty of the hydrological model in CLM (Swenson and Lawrence 2014) and the lack of synthesis of the mechanisms behind plant phenology in SAST ecosystems. Due to feedbacks between vegetation and the fire cycle in these systems, poor predictions of leaf area can have a large influence on carbon budgets and may explain some of the mismatch among land surface models' representations of the terrestrial carbon cycle (Arora et al. 2013) .
While land surface models like the CLM struggle to predict drought deciduous phenology, at the other extreme, satellite-derived phenological models with parameters fit at each pixel (Stockli et al. 2011 , Caldararu et al. 2014 do an excellent job of predicting present day phenology, but provide little mechanistic insight into the drivers of phenology around the world. These models successfully re-create the past, but may not apply in future 'no analog' climate scenarios (Williams and Jackson 2007) .
At the field scale, a 2001 review (Eamus and Prior 2001) comprehensively described the wide variety of strategies that trees across SAST ecosystems globally may deploy to respond to water scarcity. The diversity of plants in dry ecosystems, especially diversity of traits that can only be measured from the ground (i.e. wood density, hydraulic conductivity, vertical root distribution) could potentially lead readers to conclude that no broad biogeographic generalizations are possible. One goal of LSMs is to strike a balance between representing the wide diversity of vegetation types and strategies around the world and representing a tractable and computationally feasible model of how the world works today and into the future. As models become more complex and introduce concepts like trait-based vegetation models (Fisher et al. 2015) , synthesizing what we already know about plant strategies will be a critical component of model development.
In this synthesis we ask what general patterns can be found in the published literature on leaf phenology in SAST ecosystems. We expect that some of the variation in phenology will be explained with global predictors, but that Figure 1 . Distribution of SAST ecosystems and 'data points' (study  plant functional type  location). (A) Koppen-Geiger classes that include SAST ecosystems; (B) IGBP 2010 classes included in some SAST definitions (shrub.  shrublands, sav.  savannas, grass.  grasslands); (C) distribution of methods -either field based, remotely sensed, or some combination of approaches; (D) general attribution of green up to a process. Many studies did not list a cause of green up, very few tested these attributions. (E) Plant functional types studied: BDT  broadleaf deciduous tree, BDS  broadleaf deciduous shrub, mixed-grass  a combination of C3 grasses, C4 grasses, and/or forbs; (F) year of study initiation (colors) and duration of study (size of circle). ecogeographical differences will also be important drivers of phenological variation. We perform a meta-analysis focused on 'green-up' and 'brown-down' timing, as these are frequently reported, or at least graphically displayed, metrics of leaf phenology that span both field and remotely sensed studies. We both qualitatively assess the spatial and plant functional type (PFT) patterns measured in the various studies and develop a statistical model to show which possible predictors are important and which can perhaps be ignored in mechanistic models. This review not only helps fill a gap in our knowledge of drought deciduous phenology, but also provides critical information to inform current and future LSMs.
Methods
To gather papers related to SAST phenology we employed a number of different search terms (Table 1) in Google Scholar (< www.scholar.google.com >) and Web of Science (Thompson Reuters, < www.webofscience.com >), restricting our search to words found in the titles of manuscripts, and ignoring papers that were clearly not focused on natural vegetation in the title (e.g. phenology of insects or agricultural plants). Because SAST ecosystems are often in between drier and wetter systems, the actual boundaries and definitions of what is a SAST ecosystem can vary considerably. Figure 1A and 1B show two common global land cover classifications -Koppen-Geiger based on climate (Fig. 1A , Rubel and Kottek 2010) and the MODIS International Geosphere-Biosphere Programme (IGBP) classification based on land cover ( Fig. 1B showing 2010 ; Channan et al. 2014) . In contrast, a model like CLM with fractional vegetation cover shows some fraction of almost every non-arctic gridcell to be partially drought deciduous (Fig. 1B in Dahlin et al. 2015) . Given these discrepancies, we did not geographically or climatologically limit this search, and so our analyses do include studies in temperate prairies, savannas, and grasslands outside of what are typically might be considered SAST regions of the world.
Our literature search resulted 188 papers (listed in online supplement), which we then reviewed, recording the location(s) of the study (latitude and longitude), the PFTs of the plants studied (if not noted in the paper, C3 versus C4 was determined using Osborne et al. (2014) ), what and how observations were made (remotely sensed versus field observations), the period of the study, whether links between phenology and climate were made, and the day of year (DOY) for green-up and brown-down, taking the mean date if a range was reported. In some cases, these dates were described directly, while in others the dates were estimated from a figure -if based on a figure, green-up DOY was estimated as when greenness or leaf-out had reached ∼ 25% of the peak, and brown-down DOY was estimated as when greenness or leaf out had decreased from the peak by ∼ 25%. Since there are many different ways to measure leaf phenology, including counting numbers of leaves, estimating canopy fullness from the ground, counting numbers of species leafing-out, measuring NDVI or EVI from the ground or from space, etc, we used our best judgement to estimate these dates from each paper, but we removed a paper from the analysis if the methods or presented results were too opaque. If more than one year of data was presented, the DOYs were averaged. In the case of remote-sensing-based papers that covered large regions, where possible we chose the approximate center of the region as the study location. We summarized the different types of papers and generated global maps of the key information, looking for spatial trends in drivers of phenology across the savanna regions of the world. Our full data table is available as an online supplement, along with the full list of references, and we encourage readers who have additional data about drought deciduous phenology to contact us so that we may continue to grow this database.
In addition to the possible predictors of green-up and brown-down derived from our database (Supplementary material Appendix 1, Table A1 ), which were all categorical, we used global datasets of rainfall (Global Precipitation Climate Project (GPCP), daily rainfall in mm on a 1° grid, full years available for 1997-2014; Pendergrass and NCAR 2015) , temperature (Berkeley Earth Surface Temperatures (BEST), daily minimum, mean, and maximum values on a 1° grid, full years from 1880-2012; Rohde et al. 2013) , and soil characteristics (% sand, silt, and clay; Global Soils Dataset for use in Earth System Models (GSDE), non-temporal 5-minute grid; Shangguan et al. 2014) as possible predictors of phenological patterns. Because some of the studies were conducted before the beginning of the satellite record and a few did not actually note the year(s) of collection, we converted our datasets to annual climatologies -for rainfall and temperature we combined daily values for each day across similar time periods of observation (1997-2014 for precipitation, 1997-2012 for temperature), creating single year daily climatology datasets of precipitation, minimum temperature (TMIN), mean temperature (TMEAN), and maximum temperature (TMAX). All of the datasets were re-gridded to the same 1°  1° grid, globally.
Then, since daily precipitation and temperature can be aggregated in a myriad of ways, we developed several metrics as possible predictors. For each study location we calculated total annual precipitation, total rainfall in the 20 and 60 d prior the DOY (for green-up or brown-down), and normalized seasonality, which we defined as the normalized difference between the number of days in the climatological year with  7 mm rain and the number of days with rainfall  2 mm divided by the sum of these two numbers. These rainfall thresholds were chosen as the approximate average daily rainfall in rainforests and semi-arid ecosystems, respectively, account for spatial autocorrelation in these measures we used the modified t-test approach to test for significance described by Dutilleul et al. (1993) . We also calculated Spearman's r, however, these results were not substantially different from Pearson's R, and so they are not shown for simplicity. Then, following methods described in Dahlin et al. (2014) and summarized below, we used multiple linear regression to model green-up and brown-down DOYs using the climate, soils, and geographic variables (listed in Table 2 ; all continuous variables centered and scaled). We first tested for multicollinearity, defined as two variables with a correlation (Pearson's R)  |0.5| and when this was the case we selected the variable with a stronger correlation with DOY to remain in the model. With the remaining predictor variables, we used ordinary least squares regression to assess the overall relationship between DOY and environment, with dummy variables for continent and PFT and continuous variables for the others as the independent variables. We used a reverse stepwise approach ('stepAIC'; Venables and Ripley 2002) to eliminate non-significant predictors then eliminated variables that remained in the model but were still non-significant (p  0.1) by hand. Once a final model was developed, we tested the residuals for spatial autocorrelation using Moran's I. If significant spatial autocorrelation had been found, further analyses would have been performed. Finally, we then calculated the true DOYs from the predicted sine and cosine values, and we present both the coefficients of determination (R 2 ) for the individual models and for the relationship between observed and predicted DOYs. All data analysis was performed in R (R Core Team) using the packages MASS (Venables and Ripley 2002) , raster (Hijmans and van Etten 2013) , rgdal (Bivand et al. 2013) , SpatialPack (Osorio and Vallejos 2014) , and ncdf4 (Pierce 2015) .
Results

General patterns
Our search terms resulted in data points from every continent except Antarctica, with the majority of the data point locations in Africa (120), then South America (77), Australia (37), Asia (31), North America (20) and Europe (4) (Supplementary material Appendix 1). Our 188 papers came from over 110 different publications (mostly scientific journals, but a few book chapters, monographs, and dissertation chapters). While the majority of our data points were from field observations (183), 90 were from remotely sensed studies and a small number were from a combination of techniques. Considering the spatial patterns of the methods used to collect our data points (Fig. 1C) , interestingly the majority of the data points located in Africa relied on remote sensing (62), while the majority of data points in South America, Australia, and Asia relied on field observations (64, 33, and 23, respectively) . This uneven distribution of techniques results in an uneven distribution of observation types, with fewer PFT specific observations in Africa and more PFT specific information on the other continents (Fig. 1E) . The patterns of duration and starting year of study also align with the patterns of observational method, with the majority of data points in Africa beginning assuming no seasonal variation. This normalized difference seasonality index (NDSI) places all locations on a scale from 1 (very wet all the time) to -1 (very dry all of the time), with locations that have approximately equal numbers of wet and dry days near zero. We also included temperature variables from BEST -mean annual temperature, annual minimum temperature, annual maximum temperature, and min, mean, and max from the 20 and 60 d prior to the DOY.
To test whether there were any spatial or functional relationships between green-up and brown-down DOY we used a multiple linear regression (MR) approach with DOY as the dependent variable. Since not all papers presented DOY information, while some presented more than one location, we treated each reported DOY, location, and plant functional type as a separate data point, so a single paper could have multiple data points (n  220 for greenup, n  189 for brown-down). Because DOYs are circular (day 1 and day 365 are numerically distant but actually very similar), we first rescaled the DOYs to have a maximum of 360 ((DOY  360)/365) and took the sine and cosine of each rescaled DOY to place them on a continuous scale. This approach can be thought of as treating each scaled DOY as a unit vector, then decomposing it into two orthogonal vectors, one along a spring-fall axis (sine), the other along a summer-winter axis (cosine) (Fig. 2) . Hereafter these rescaled DOYs are referred to as DOY-S G and DOY-C G for the sine and cosine of the green-up dates and DOY-S B and DOY-C B for brown down dates.
To assess individual relationships, we calculated the correlations (Pearson's R) between each of the predictor variables and DOY-S G , DOY-C G , DOY-S B and DOY-C B . To ( Table 2) , as well as strong relationships with specific continents (e.g. whether or not a point was in Asia was a strong predictor of DOY-S G ). Other relatively strong relationships included those between green up and certain continents (Asia, North America), silt soils, and between recent precipitation and both green-up and brown-down.
Overall, our MR models performed reasonably well, explaining between 17 and 40% of the variation in DOY among the different models (Table 3 ). All of the final models included a relatively small number of variables (5-10), though several of them were only marginally significant (0.05  p  0.1). The most consistent strong predictor was latitude (strongly significant in both green-up models). Plant functional type and continent were also strong predictors (especially C3 grass, Asia and Australia). Several of the climate-related variables were also significant predictors, including precipitation in the 20 and 60 d prior to DOY and annual maximum temperature. Whether or not the study was based on remotely sensed data was a weakly significant predictor for brown-down. None of our models' residuals showed significant spatial autocorrelation (Moran's I values all non-significant and near zero).
Finally, we converted the sine and cosine models back to actual DOYs and compared them to the observed DOYs in or after the 1980s (112) as this aligns with the AVHRR satellite collections (Tucker et al. 2005) .
While not all studies attributed their patterns of greenup or brown-down to a particular environmental phenomenon and even fewer tested these attributions either statistically or experimentally, the majority of phenological events were attributed to some change in precipitation (Fig. 1D) . Reassuringly, there were also visually apparent broad geographical patterns, with Northern Hemisphere (NH) green-up DOYs occurring in the NH spring (MarchMay; Fig. 3A ) and Southern Hemisphere (SH) brown down occurring at the same time (Fig. 3B) , as well as the reverse being true in the NH autumn. These patterns suggest that despite the common attribution of leaf phenology to rainfall in these systems, which does not necessarily follow the temperate four season model, there are likely some broad drivers related to temperature and/or incoming solar radiation.
Statistical models
Individual correlations between the four rescaled DOYs revealed strong relationships between DOY and latitude Table 2 . Individual correlations (Pearson's R) between modified DOYs and predictor variables. PFT abbreviations as in Fig. 1 , SD  standard deviation. Significance symbols: NS  not significant ( 0.1), 0.1  .  0.05  *  0.01  **  0.001.
Predictor
Green will provide much needed information about land surface properties, but given the wide variety of strategies plants can deploy to respond to water shortages more field experiments are also needed. Interestingly, we found that the distribution of language used to describe drought deciduousness is not even. For example, our literature search yielded few studies in India until we added the search term 'tropical deciduous', and the term 'brevi-deciduous' appears to be used in Latin American and Australian studies, but not in Africa. While water availability (rainfall or soil moisture) was the most common explanation for green-up and brown-down in these regions, very few of the studies actually tested this explanation through experimentation. When irrigation experiments were performed (Myers et al. 1998 , Cleland et al. 2006 , the impact of changes in water availability on phenology varied among species studied. In addition to these experimental studies, many studies noted or classified species as fully deciduous, semi-deciduous or brevi-deciduous (Williams et al. 1997 , Borchert et al. 2002 , and variations in the distribution of these different types can vary at the scale of the individual (i.e. you could have evergreen and all three types of deciduous plants occupying the same small plot). This fine-scale variation in plant strategies suggests that the current paradigm in LSMs -that all species are either (Fig. 4) . The overall R 2 of the green-up model was 0.20, while the overall R 2 of the brown-down model was 0.29. The scatterplots reveal the difficulty of comparing dates on a linear scale, as low DOY values (near zero) are actually not nearly as 'wrong' as this approach suggests. The plots do show, however, generally good agreement between the modelled and observed DOYs with some clear non-conforming points.
Discussion
General patterns
Overall, the distribution of research on SAST ecosystem phenology, at least based on our search of terms, is not distributed evenly across SAST regions of the world. Comparing the Koppen-Geiger classification to our points (as in Fig. 1 models of drought deciduous phenology. While some of the lack of model fit is likely due to the coarse-ness of our analysis (see 'Caveats and concerns' below), our review of the literature, combined with the weakness of these models suggests that there are likely variations in phenological strategy at the sub-PFT level. There are, however, many lessons to be learned from these analyses.
First, the relatively strong relationships between latitude and DOY, stronger than climatological relationships, indicates that photoperiod may be an important driver of phenology, even at low latitudes. The tropics and sub-tropics are not typically thought of as having seasons that align with the seasons in the higher latitudes, yet our statistical analysis and our maps (Fig. 3) show a fairly strong latitudinal pattern that was not directly explained by temperature or precipitation in our models. This is not, interestingly, a unique result. In a pot experiment in Nigeria, Njoku (1964) found a strong relationship between day length and leaf evergreen or deciduous -is not flexible enough for SAST ecosystems. Three possible solutions to this challenge are to 1) develop new PFTs to represent the breadth of strategies employed across SAST ecosystems and develop maps of their distributions and mechanistic models of their behavior, or 2) rely on statistical relationships between broad plant functional types and the environment, sacrificing mechanistic representativeness, or 3) rely on a trait-based modeling system like CLM-ED (Fisher et al. 2015 ) and a more flexible phenological approach so that plants in models may adjust their phenological responses as environmental conditions change.
Statistical modeling
The overall performance of our models suggests that there is much room for improvement in developing predictive the world. The alternative method to our literature search -opening the search to these terms across entire articles -was untenable. A search for 'phenology' and 'savanna' not restricted to titles yielded  22 000 returns on Google Scholar, a number far too large to plausibly read and synthesize. We hope that this study does lead to readers drawing our attention to other studies, and that over time our database will expand, perhaps allowing a re-analysis of these data in the future. One concern with our statistical approach is that we elected to use an average year 'climatology' instead of trying to extract rainfall and temperature data for the exact year of the study. This was largely for practical reasons. The earliest usable study in our analysis began in 1948 in the Democratic Republic of the Congo (Couralet et al. 2013) , well before any satellite records of temperature or rainfall exist. While in theory we could have attempted to find nearby weather station data for all of our studies, or used reanalysis products that back-cast daily weather data, these options would have been impractical and would have come with their own sets of uncertainties. We emphasize that the purpose of our statistical analyses was not to develop the best predictive model of drought deciduous phenology, but to identify the relative importance of different variables to inform future work in this arena. Our simple climatology approach allowed for general patterns to emerge, and in future work we will consider finer-grained approaches and/or limiting some of our analyses to only studies that overlap temporally with the satellite record.
Plasticity and resilience
In addition to the quantitative analyses made possible by this meta-analysis, this project revealed a number of interesting anecdotes about the phenotypic plasticity and apparent resilience of tree species in the seasonal tropics. Shorea robusta ('sal'), for example, has been described as a deciduous, semideciduous, and evergreen tree. A study in northern India (Singh and Kushwaha 2005) found that while in general S. robusta began growing leaves before the beginning of the monsoon season, and dropped them in the dry season, different individuals behaved differently in terms of their rate of leaf fall and leaf expansion, potentially due to microsite variation. Similarly, a study in Mexico (Bullock and phenology in the deciduous tree Hildegardia barteri and consistent periodic leaf drop in other species studied despite them being well watered, suggesting a day-length control. Lawton and Akpan (1968) showed a relationship between day length and phenology in Plumeria acuminata in Hawai', Rivera et al. (2002) found a relationship between day length and leaf flushing in dry tropical forests, and Zhang et al. (2005) showed a correlation with day length and phenology across the Sahel using remote sensing. These studies and others show that despite abundant anecdotal evidence that green-up in the drought deciduous regions of the world is tied to soil moisture, photoperiod should not be ignored as a possible driver.
Second, the importance of continent and PFT suggest that a 'one size fits all' algorithm for drought deciduous phenology is not the correct approach. It should not be surprising to any biogeographers that there are fundamental differences between the vegetation of the different continents, yet these differences are rarely if ever captured in LSMs. Similarly, our models show that there are likely important differences between PFTs, and so different algorithms may be needed for different PFTs even within the tropics. Using different parameterizations of the same general model for different drought deciduous PFTs (e.g. grasses vs trees vs shrubs) would be a good first step, possibly also dividing these parameterizations by continent.
The comparison of the observed and estimated DOYs (Fig. 4) shows overall good agreement, but several points that do not follow the others. Exploring these non-conforming points is beyond the scope of this project, however, future work will include a deeper investigation of these studies.
Caveats and concerns
A major caveat with the approach taken here is that by limiting our literature search to papers that mention our search terms in the titles, we undoubtedly missed many papers that may have published seasonal variation in foliage or greenness in SAST regions without being specifically focused on phenology, or papers that were written in languages other than English and not indexed by Google Scholar or Web of Science. We did include several papers written in Spanish, Portuguese and French, but there are undoubtedly more studies in regional journals and dissertations around Solis-Magallanes 2014) followed multiple individuals across many species and found that while general patterns were discernable, rarely were all individuals of a given species greening-up or browning-down at the same time.
Recent work by Levine et al. (2015) showed that a finer resolution model of the Amazon that took into account local-scale ecosystem heterogeneity produced much more realistic results than a typical 'big leaf ' model, suggesting that the Amazon may be far more resilient to global change than typical LSMs predict. The inter-and intra-specific variation in phenological strategy described our review provides more fuel to this argument that environmental heterogeneity and phenotypic plasticity may mean that real ecosystems are much more resilient than many models assume.
Conclusions
SAST ecosystems make up much of the land cover in the most food-insecure parts of the world, including SubSaharan Africa, India, and southeast Asia (FAO et al. 2014) . They are also biodiversity hotspots (Myers et al. 2000 , Pimm et al. 2014 ) and home to some of the last wild populations of megaherbivores (Doughty et al. 2016) . While field ecologist have been studying these fascinating systems for decades, considering them as a significant global force has occurred only recently (Poulter et al. 2014 , Ahlström et al. 2015 , Dahlin et al. 2015 . In this study we showed that latitude, continent, and plant functional type were all as important predictors of green-up and brown-down dates as temperature or precipitation. This work suggests that LSM phenology predictions could be improved with relatively simple changes to the current approaches by including photoperiod and taking a more biogeographic perspective on plant survival strategies. We look forward to future research that will link field ecology, remote sensing, and Earth system modeling with ecosystem processes including phenology, fire, and even plant-animal interactions at regional to global scales.
